Hamstring stiffness (KHAM) and leg stiffness (KLEG) are commonly examined relative to athletic performance and injury risk. Given these may be modifiable, it is important to understand dayto-day variations inherent in these measures before use in training studies. In addition, the extent to which KHAM and KLEG measure similar active stiffness characteristics has not been established. We investigated the interday measurement consistency of KHAM and KLEG, and examined the extent to which KLEGpredicted KHAM in 6 males and 9 females. KHAM was moderately consistent day-to-day (ICC2,5 = .71; SEM = 76.3 N·m -1 ), and 95% limits of agreement (95% LOA) revealed a systematic bias with considerable absolute measurement error (95% LOA = 89.6 ± 224.8 N·m -1 ). Day-to-day differences in procedural factors explained 59.4% of the variance in day-to-day differences in KHAM. Bilateral and unilateral KLEG was more consistent (ICC2,3 range = .87-.94; SEM range = 1.0-2.91 kN·m -1 ) with lower absolute error (95% LOA bilateral= -2.0 ± 10.3; left leg = -0.36 ± 3.82; right leg = -1.05 ± 3.61 kN·m -1 ). KLEG explained 44% of the variance in KHAM (P < .01). Findings suggest that procedural factors must be carefully controlled to yield consistent and precise KHAM measures. The ease and consistency of KLEG, and moderate correlation with KHAM, may steer clinicians toward KLEG when measuring lower-extremity stiffness for screening studies and monitoring the effectiveness of training interventions over time.
body, stiffness can be described from the macroscopic level of the whole body all the way to the microscopic level of a single muscle fiber. Although a number of in vitro and in vivo methods exist, 2 in vivo measures commonly employed are leg stiffness (KLEG) and hamstring musculoarticular stiffness (KHAM).
KHAM and KLEG are measures of active stiffness that rely on modeling the hamstring muscletendon unit and entire lower extremity, respectively, as mass-spring systems. [5] [6] [7] [8] KHAM is assessed using the free-oscillation technique, 6 whereby the hamstring muscle-tendon unit represents the massless linear spring and the lower leg (shank) and applied load represent the mass; a perturbation is then applied to the joint and the ensuing oscillations are measured. 7, 8 Similarly, KLEG is commonly assessed using functional bilateral or unilateral hopping test protocols, whereby the leg(s) represents the massless linear spring and the rest of the body represents the mass. 5, 9 Given the in vivo nature of these methods, the values obtained represent global measures of stiffness for the system being modeled, which includes the stiffness of the muscle-tendon unit(s), skin, ligaments, bones, and articular capsule(s). 1, 10 Evidence suggests that these measures of lower-extremity stiffness are related to both athletic performance and injury risk. KLEG has previously been shown to be positively related to running performance. 11, 12 In addition, both KLEG and KHAM are positively related to concentric and eccentric rate of force development. [13] [14] [15] [16] It has also been demonstrated that anterior cruciate ligament (ACL) deficient individuals with higher KHAM possess greater knee functional stability than those with more compliant hamstrings, 8 and that uninjured healthy individuals with higher KHAM display characteristics associated with reduced ACL loading during controlled perturbations and dynamic landing tasks. 17, 18 Further, ACL-reconstructed individuals with higher levels of KLEG have been reported to be more functional and able to participate in more demanding physical activity with fewer symptoms of joint pain and instability. 19 Thus, it appears that higher levels of KLEG and KHAM may be beneficial for enhancing performance and reducing injury risk. However, other research suggests that there may actually be an optimal range for stiffness, where either too much or too little stiffness may lead to increased risk of bony injuries [20] [21] [22] or soft tissue injuries, 23, 24 respectively. Although additional work is needed to gain a greater understanding of how stiffness measures are related to performance and injury risk, the ability to modify this neuromechanical property makes stiffness an important variable to consider from injury prevention, rehabilitation, and performance perspectives.
Because of the potential for stiffness to be modified through training, [25] [26] [27] it is important to understand the inherent day-to-day consistency and precision of these measures before progressing to intervention strategies. The reliability of KLEG has previously been established, with reported interday intraclass correlation coefficients (ICCs) and coefficients of variation (CV) ranging from .82 to .94 and from 4.2% to 13.9%, respectively, during bilateral and unilateral hopping tasks. [28] [29] [30] 16 also reported the CV as an index of measurement precision, which ranged from 5.1% to 13.1% under different methodological conditions. Given the more moderate estimates of KHAM day-to-day measurement consistency and precision compared with KLEG, methodological factors inherent to the measurement of KHAM (ie, subtle variations in perturbation magnitude and hip and knee joint angles) may, in part, impact measurement precision. To the best of our knowledge, however, the influence of such methodological factors on the measurement precision of KHAM has not yet been investigated. Furthermore, we are unaware of any studies that have examined the extent to which KHAM and KLEG are related. Although KHAM and KLEG are assessed using fundamentally different procedures (eg, closed vs. open kinetic chain), both measures are based on the underlying construct that the muscle-tendon unit(s) can be independently or collectively modeled as a linear mass-spring system. 7 Further, because KHAM is inherently a more difficult measurement technique for both the participant and researcher, having a simpler, clinically accessible measure of lower-extremity stiffness could be of great value when attempting to evaluate large samples in a minimal amount of time. Therefore, the primary purposes of this study were to: (1) assess the interday measurement consistency of KHAM and KLEG and (2) examine the relationships between these measures. A secondary purpose of this study was to examine potential procedural factors that could introduce sources of measurement error in KHAM. Based on previously published work, we hypothesized that KHAM and KLEG would both display acceptable interday measurement consistency but that KLEG would have superior consistency given the greater relative simplicity of the measure. In addition, we hypothesized that KHAM and KLEG would be moderately correlated with one other given that both measures are based on the same underlying construct.
METHODS

Participants
Fifteen healthy college-aged individuals (6 male, 9 female; age = 21.5 ± 2.5 years, height = 1.7 ± 0.1 m, mass = 69.3 ± 11.0 kg) volunteered to participate. Participants were: (1) recreationally active (≥ 90 minutes physical activity per week), (2) free from lower-extremity injury for a minimum of 6 months before participation, (3) free from any history of lower-extremity surgery, (4) without known medical conditions that would affect connective tissue, and (5) without any history of cardiovascular or pulmonary problems. To ensure that all participants met the inclusion criteria, physical activity and health history questionnaires were administered before enrollment in the study. Before participation, participants signed an informed consent approved by the university's institutional review board.
Procedures
All participants visited the laboratory for testing on 2 separate occasions separated by 2-5 days to minimize the risk of carryover effects between testing sessions (eg, muscle fatigue, soreness). 33 All testing sessions were administered by the same investigator (JW). Upon arrival to each testing session, participants were outfitted with laboratory compression shorts and an athletic top, and measures of body height and mass were obtained. Participants then performed a 5-minute warm-up on a stationary cycle ergometer (Life Fitness, Schiller Park, IL) at a cadence of 70-80 revolutions per minute and a target rating of perceived exertion of ≥ 3 on a Borg CR-10 scale. 34 After the warm-up, the following assessments were performed in identical fashion during both testing sessions: (1) KHAM, (2) bilateral KLEG, and (3) unilateral KLEG. KHAM was measured using the free-oscillation technique, whereby the leg is modeled as a single degree of freedom mass-spring system. The damping effect that the hamstring muscles impose on oscillatory flexion/extension of the knee joint is then quantified, following a perturbation. 8, 18, 31 Because KHAM does not differ between limbs in healthy individuals, 35 all data were obtained from the left leg. Participants were instrumented with clusters of 4 optical LED markers (Phase Space, San Leandro, CA), each placed on the lateral thigh and shank of the left limb. Three-dimensional kinematic data were obtained via an 8-camera IMPULSE motion tracking system (Phase Space, San Leandro, CA). Participants were positioned prone, with the trunk and thigh supported in 30° of hip flexion and the lower leg free to move ( Figure 1) . A thermoplastic splint was secured to the plantar aspect of the foot and posterior shank to standardize ankle position at approximately 90°. A 10% body mass load was then attached to the distal shank, at the level of the malleoli, using cuff-style ankle weights. The investigator then passively positioned the participant's shank parallel to the floor, placing the knee in approximately 30° of flexion, and the participant was required to hold this position via isometric hamstring contraction. Within 5 seconds of the participant holding this position, an anterior perturbation was manually applied to the posterior aspect of the calcaneus, resulting in slight knee extension and subsequent damped oscillatory knee flexion and extension. 17, 18, 31, 36 This damped oscillatory motion was characterized as the tangential acceleration of the shank and foot segment, captured via a triaxial accelerometer (sensor dimensions: 2.54 × 2.54 × 1.91 cm; NeuwGhent Technology, Lagrangeville, NY) attached to the thermoplastic splint. Participants were verbally instructed not to interfere with or voluntarily produce the oscillations following the perturbation, and to attempt to keep the hamstring muscles active only to a level necessary to support the mass of the shank and foot segment, and the applied load, in the testing position. 17, 31 Following 3-5 practice trials, 5 test trials were recorded for analysis. Test trials were separated by 30-second rest intervals to reduce the likelihood of fatigue.
KLEG was assessed via barefoot hopping in place on a force plate (Type 4060-130; Bertec Corporation, Columbus, OH) at a hopping frequency of 2.2 Hz under 3 different conditions: (1) bilateral, (2) unilateral left leg, and (3) unilateral right leg. Bilateral hopping was always performed first. Unilateral hopping order was assigned in a counterbalanced fashion; once order was assigned, participants alternated legs each trial to minimize the likelihood of fatigue. Participants performed unilateral hopping trials in the same order during both testing sessions. Participants were verbally instructed to stand tall with their hands placed on their hips and their eyes looking straight ahead. Once the metronome began to sound, participants were instructed to begin hopping while attempting to synchronize their hops with the tone. Because variations in ground contact time can affect stiffness regulation at a given hopping frequency, 37 participants were asked to hop with as short a ground contact time as possible. Before data collection, participants were allowed to practice until they felt comfortable with the task. Three 10-second trials, separated by 30-second rest intervals, were then recorded for each condition. At 2.2 Hz, the interval between vertical ground reaction force peaks should be 455 milliseconds. Peak ground reaction force intervals that fell within 5% (± 23 milliseconds) of 455 milliseconds were considered valid data to be used for comparisons. 38 
Data Sampling and Reduction
Accelerometer and force plate data were sampled at 1000 Hz, whereas kinematic data were sampled at 240 Hz. Kinetic and kinematic instrumentation was time synchronized and interfaced with Motion Monitor software (Innovative Sports Training, Chicago, IL). Left limb kinematics were modeled using Motion Monitor software. All data were later exported from Motion Monitor software and processed using custom written Matlab code (Mathworks, Inc., Natick, MA). Accelerometer and force plate data were low-pass filtered at 10 Hz, while kinematic data were low-pass filtered at 12 Hz, using a fourth-order zero-lag Butterworth filter.
Hamstring Stiffness (KHAM).
The time interval between the first 2 oscillatory peaks (t1 and t2) of the accelerometer time series was used to calculate the damped frequency of oscillation (1/[t2 -t1]) for each trial (Figure 2) . KHAM was then calculated using the equation, KHAM = 4π 2 mƒ 2 , where m is the summed mass of the shank and foot segment (6.1% body mass) 39 and the applied load (10% body mass), and ƒ is the damped frequency of oscillation. 35 In addition, the following kinetic and kinematic variables were obtained from each KHAM trial to examine the influence of procedural factors on measurement error: (1) perturbation magnitude, (2) initial knee flexion angle, and (3) initial tibia rotation angle. Perturbation magnitude was defined as the product of the peak downward acceleration immediately following perturbation onset and the total system mass (shank and foot segment weight + applied load [N]). Perturbation onset was defined as the instant at which downward acceleration of the shank and foot segment exceeded 3 standard deviations of the mean acceleration before the perturbation. Initial knee flexion and tibia rotation angles were defined as the average angles (in degrees) obtained 100 milliseconds before perturbation onset. All variables were then averaged across 5 trials and used for analysis.
Leg Stiffness (KLEG). KLEG was calculated from the vertical ground reaction force and the effective ground contact time. 9 Effective contact time is defined as the amount of time that the vertical ground reaction force is greater than body weight during the stance phase of hopping, and is expressed as T/2, where T equals the period of oscillation (Figure 3) . 3, 9, 23 From this, the natural frequency of oscillation (ω) and spring constant of the spring-mass system were calculated as, KLEG = Mgω 2 , with ω = 2π/T and where M is the participant's body mass. Data collected during 5 consecutive hops, between the sixth and tenth hop of 15 hops, were used to calculate KLEG for each trial. 40, 41 Ground contact time (tc) and flight time (tf) were determined using the vertical ground reaction force. The beginning and end of ground contact was defined as the instants at which the vertical ground reaction force was above and below 5 N. The 3 trials for each condition were then separately averaged and used for analysis.
Statistical Analysis
All statistical analyses were performed using SPSS version 20.0 for Windows (IBM Inc., Chicago, IL). Interday measurement consistency was determined using a repeated-measures analysis of variance (ANOVA) and calculating ICCs, using the ICC2,k model as described by Shrout and Fleiss. 42 Although there is no clear consensus on ICC interpretation, it is generally accepted that ICC values greater than .75 represent good measurement consistency, whereas ICCs less than .75 reflect moderate to poor consistency. 43 Precision of measurement was then evaluated by computing the SEM and LOA for each variable. SEM was calculated as:
, where SD is the sample standard deviation. LOA were obtained by calculating the mean and standard deviation of the differences (SDdiff) between testing sessions (ie, day 2 -day 1). We then calculated 68% and 95% confidence limits around the mean difference as the mean difference ± 1⋅SDdiff and ± 1.96⋅SDdiff, respectively. 44 To examine the extent to which day-to-day differences in KHAM could be attributed to day-to-day differences in procedural factors (ie, perturbation magnitude and initial knee flexion and tibia rotation angles), a multiple linear regression analysis was conducted on the test-retest difference scores (day 2 -day 1) for each measure. Finally, simple linear regression was used to determine the extent to which KLEG predicted KHAM on the first day of testing. This regression analysis was performed on body mass normalized values to account for the influence of body size. In addition, because KHAM was assessed only on the left leg, KLEG during unilateral left leg hopping was used as the predictor.
RESULTS
Interday measurement consistency (ICC2,k) and precision (SEM and LOA) and test-retest means ± standard deviations for KHAM and KLEG are presented in Table 1 and Table 2 Figure 4) . Specifically, in 95% of the cases, the actual test-retest difference for KHAM could be expected to range from 135.3 N·m -1 lower to 314.4 N·m -1 higher on day 2 as compared with day 1. In contrast, KLEG demonstrated good to excellent measurement consistency (ICC2,3 range = .87-.94) and relatively low SEMs (range = 1.00-2.91 kN·m -1 ) across all 3 hopping conditions ( Table 2 ). LOA analysis revealed little systematic bias between testing sessions (bilateral = -2.0, left leg = 0.4, right leg = -1.1 kN·m -1 ), and in 95% of the cases (95% LOA), the actual test-retest differences for bilateral and unilateral KLEG ranged from being 12.3 kN·m -1 and 4.7 kN·m -1 lower to 8.3 kN·m -1 and 2.5 kN·m -1 higher on day 2 as compared with day 1 (Table 2, Figure 5 ).
All procedural factors associated with the KHAM assessment demonstrated good to excellent dayto-day measurement consistency (Table 1) . Although we attempted to carefully standardize these procedural factors during the assessment of KHAM, repeated measures ANOVA and LOA analyses revealed a small systematic bias for peak perturbation magnitude and initial knee flexion angle, where peak perturbation magnitude values were on average 1.0 N lower (P = .03) and initial knee flexion angles were on average 3.4° higher (P < .01) on day 2 as compared with day 1 (Table 1 ). In 95% of the cases, the actual test-retest differences for peak perturbation magnitude and initial knee flexion angle could be expected to range from 4.2 N lower to 2.2 N higher, and from 3.0° lower to 9.7° higher, respectively. When examining the extent to which day-to-day measurement error in KHAM could be attributed to day-to-day changes in procedural factors, multiple linear regression analysis revealed that the linear combination of the difference scores (day 2 -day 1) for peak perturbation magnitude, and initial knee flexion and tibia rotation angles, explained 59.4% of the variance in the difference score for KHAM (P = .02). The regression equation for the 3-predictor model was: predicted ∆KHAM = 72.06 + 36.66(∆perturbation magnitude) + 21.60(∆initial knee flexion angle) -15.05(∆initial tibia rotation angle). All 3 predictors uniquely contributed to the overall model after controlling for all other predictors (Table 3) .
When examining the relationship between KHAM and KLEG, KLEG explained 44.2% of the variance in KHAM (P < .01), with a prediction equation of KHAM = 2.093 + 0.665(KLEG).
DISCUSSION
Previous research suggests that higher levels of hamstring and leg musculo-articular stiffness (KHAM and KLEG, respectively) may be beneficial for: (1) enhancing athletic performance through increased concentric and eccentric rate of force development 11, 12, [14] [15] [16] and (2) reducing lowerextremity injury risk by helping counteract deleterious loading and helping shield the ligaments from bearing the full responsibility of dynamic joint stability. 8, [17] [18] [19] Fortunately, stiffness can be modified though training, [25] [26] [27] and thus may be an important factor to consider from both injury prevention and rehabilitation perspectives. Therefore, obtaining consistent measures of KHAM and KLEG is essential for the ability to distinguish between random variation in the measurement (random error) and changes attributable to external factors such as training interventions or injury over time. 45 Although the interday measurement consistency for the assessment of KLEG during bilateral and unilateral hopping has previously been established, less is known about the measurement consistency of KHAM.
Our primary findings were that KHAM and KLEG both demonstrated acceptable interday measurement consistency, but that KHAM was less consistent than KLEG. To our knowledge, only 2 studies 16, 25 have previously examined the interday measurement consistency of KHAM, and these studies have reported ICCs ranging from .66 to .89. In addition, previous investigations on the interday measurement consistency of KLEG have reported ICCs of .93 and .94 29, 30 during bilateral barefoot hopping, .8228 during bilateral shod hopping, and .84 to .8928 during unilateral shod hopping, at similar frequencies (2.0-2.5 Hz). Thus, our current findings are in agreement with prior work and support our hypothesis that, although KHAM and KLEG would both display acceptable interday measurement consistency, KLEG would display superior measurement consistency compared with KHAM.
We also constructed Bland-Altman plots and calculated the 68% and 95% LOA for KHAM (Table 1, Figure 4 ) and KLEG (Table 2, Figure 5 ) to gain a better picture of the magnitude of absolute measurement error (ie, systematic and random error) that one could expect when performing repeated measurements over time, in the absence of any training intervention or injury. When considering the magnitude of the day-to-day mean difference (systematic error = 89.6 N·m -1 ) for KHAM relative to the deviation in scores obtained on day 1 (134.1 N·m -1 ), this yields an estimated effect size of 0.67. This moderately large estimated effect size for KHAM may mask a potential treatment effect, or suggest that a treatment effect has occurred when in fact there is not one. Thus, future studies aiming to assess longitudinal changes in KHAM should include a control group. In contrast, expressing the magnitude of the day-to-day mean differences for bilateral and unilateral KLEG relative to the deviation in scores obtained on day 1 (Table 2 ) resulted in much smaller estimated effect sizes (bilateral = 0.25, left = 0.09, right = 0.25), which suggests that the simpler assessment of KLEG may be a more sensitive measure for detecting changes over time.
The lower measurement consistency and precision observed for KHAM is likely due to its more complex procedural characteristics. Our results revealed that the linear combination of test-retest differences for 3 procedural factors explained 59.4% of the variance in the difference in scores from day 1 to day 2 for KHAM. Given that such a large amount of the day-to-day variability in KHAM could be attributed to these procedural factors, it is plausible that magnitude of absolute measurement error could be dramatically reduced in future research efforts if: (1) attempts are made to better standardize the application of the manual perturbation and (2) stricter control is placed over initial knee joint positioning. However, it is important to note that 40.6% of the variance remained unexplained by these factors. Carryover effects, such as effects due to familiarization, muscle fatigue, or muscle soreness, may have also contributed to the magnitude of absolute measurement error observed in this study. Thus, measurement consistency of KHAM may also be improved by allowing additional time for participants to become adequately familiarized to the task in future work. Furthermore, it has previously been demonstrated that the method by which the assessment load is determined also contributes to KHAM variability. 46 Different methods of assigning the applied limb load include: (1) standardizing the load as 10% of the participant's body mass (as in the current study), 31, 32 (2) standardizing the load as a percentage of the participant's maximal isometric voluntary contraction (MVIC), 16, 25 or (3) using a single fixed load for all participants (eg, 6.5 kg). 16 Ditroilo et al 46 reported that assigning load as a percentage of the participant's MVIC introduces greater variability to the measurement of KHAM when compared with the use of a single fixed load. Therefore, future studies should also carefully consider the method by which limb load is assigned when attempting to assess longitudinal changes in KHAM.
Because of the complexity and equipment needed to measure KHAM, we were also interested in examining the extent to which the more clinically-accessible and global measure of KLEG was associated with KHAM. KHAM and unilateral KLEG measures on day 1 were found to be moderately correlated with one another (R = .67, P < .01), with KLEG predicting 44% of the variance in KHAM. While these findings suggest that KLEG and KHAM are related measures, we acknowledge that this finding is based on a relatively small sample size (n = 15) which includes both male (n = 6) and female (n = 9) participants in the same analysis. It has previously been shown that KHAM and KLEG, as well as underlying factors that contribute to these measures, can differ in males and females. 25, 47, 48 Hence, in certain situations, between-sex differences can create artificial relationships when male and female participants are grouped into a single analysis. However, there were no between-sex differences observed for KHAM (P = .34) or KLEG (P = .24), and within-sex correlations were similar (males: R = .66, P = .15; females: R = .63, P = .07), confirming that this relationship was not simply driven by between-sex differences.
As mentioned previously, the procedures associated with the assessment of KHAM can be somewhat cumbersome, and the need for adequate familiarization can be time-consuming. In contrast, the assessment of KLEG requires little familiarization, and collecting data on 3 trials in each condition (ie, bilateral, left, right) can easily be accomplished in under 10 minutes. Although these 2 measures are assessed using fundamentally different procedures, both assessment methods are based on the underlying construct that the muscle-tendon unit(s) can be independently or collectively modeled as a linear mass-spring system. 7 Given the impact that procedural factors had on the day-to-day measurement consistency of KHAM, it is possible that improving the measurement precision of KHAM may reveal a stronger relationship than what we observed in the current study. In addition, participants were instructed to minimize quadriceps muscle activation during the KHAM assessment, whereas cocontraction of the quadriceps and hamstring muscles is inherent to the assessment of KLEG. 49 Hence, differences in cocontraction magnitude may also contribute to this unexplained variance. Because of the potential for KLEG to be used in large screening studies, future research should continue to explore these factors to determine the extent to which KLEG may be appropriately representative of KHAM.
In summary, findings of the current study show that KLEG is a consistent measure during bilateral and unilateral hopping at 2.2 Hz, and that KLEG can adequately be assessed with relatively little familiarization. In contrast, KHAM demonstrated lower interday measurement consistency, which was found to be largely due to day-to-day variations in the magnitude of the manual perturbation as well as initial knee joint positioning. Other factors, such as familiarization, muscle fatigue, or muscle soreness, and simple performance inconsistencies in isometrically holding the load may also have contributed to the lower interday measurement consistency observed for KHAM. As such, researchers interested in assessing longitudinal changes in KHAM are encouraged to allow time for additional familiarization, attempt to standardize the manual perturbation, place strict control over initial knee joint positioning, and include a control group in future work. In addition, researchers may find these results helpful for sample size estimation or when comparing day-today measurement consistency using alternative procedures. Furthermore, this study shows a relationship between KHAM and KLEG, which suggests that the simpler measure of KLEG has the potential to serve as a reliable, time-efficient, and clinically accessible measure of lower extremity stiffness that could be of great value when attempting to evaluate large samples with limited time (eg, when conducting preseason athlete screenings). Further work is needed to examine the extent of the KHAM and KLEG relationship after addressing methodological factors that may introduce error (thus unexplained variance) in the measure, such as subtle trial-to-trial variations in knee joint positioning and perturbation magnitude.
